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the sun vector so that the vehicle's solar arrays produce
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the apparent solar motion due to the earth's yearly rotation
about the sun would cause the spin vector to move away from the
sun. This motion is studied on time bases equivalent to one
orbit and to the whole 30-day duration of the proposed experiment.
It is shown that if the experiment is conducted during a judicious-
ly chosen time and without any active control, the motion causes
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eliminate this small power loss.
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TECHNICAL MEMORANDUM

1.0 INTRODUCTION

An artificial gravity experiment is being considered
for the proposed second Skylab. The artificial g field is to
be obtained by spinning the vehicle about its mass center.

As the Skylab B configurations under study include planar solar
arrays perpendicular to the vehicle Z-axis, it is desirable
that the vehicle Z-axis be the spin axis and that it be aligned
parallel to the solar vector (see Figure 1). However, the
vehicle Z-axis is not necessarily the axis of maximum moment of
inertia (X3—axis), and rotational stability requires that the

spin axis be the X3 axis. With the addition of ballasting beams
to the Skylab A configuration, the X3—axis can be brought to

within about 5° of the vehicle Z—axis.(l) Other Skylab B con-
figurations under study (without the ATM) can, with careful
attention to mass distribution, achieve similar alignment.

The spin angular momentum vector can be initially
aligned with the X3-axis and with the solar vector, and the

power penalty is almost negligible. But there are several

effects which tend to move the X3—axis off the sun line. These

are gravity gradient torques, aerodynamic torques, and the
motion of the earth about the sun. An estimate of CSM RCS fuel
required to counter the effects of the bias gravity gradient
torque and apparent sun motion has been given in Reference 2.
Such fuel estimates are important if it becomes necessary to
control the motion on a daily basis, regardless of the magnitude

of the X3—axis excursion from the sun line. The purposes of

this study were to obtain a precise description of uncontrolled
vehicle motion over both short and long terms and to assess the

1970

feasibility of using passive precession control by conducting the

artificial g experiment during a pre-selected, optimum time.

2.0 COORDINATE SYSTEMS

Because the vehicle is spinning, it is desirable to
carry out the analysis in a body fixed, principal axis frame
(Xl, X2, X3), called spacecraft (sc) coordinates. To study the
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FIGURE 1 - SKYLAB B WITH BALLAST FOR ARTIFICIAL GRAVITY EXPERIMENT
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motion of the vehicle relative to the sun, we introduce the

solar inertial coordinate system (Xsi’ Ysi' Zsi), which is shown

in Figure 2(a). Also shown in Figure 2(a) is the nodal coordinate
system (Xn, Yn' Zn), related to the solar inertial frame by solar
pointing angles 8 and ¢y and to the local vertical system

v’ sz) through the angle n. The relationships of g and

¢ to launch date and time, orbital parameters and time after

launch are well established.(3)
ascending node, is found from

(sz’ Y2

The angle n, measured from the

n = wot (1)

where wg is the orbital rate and t is the time after a nodal pass.
To go from the solar inertial coordinate system to sc coordinates
an Euler angle transformation (Y X Z-sequence) is employed. The
Buler angles el, 62, and 63 are pictured in Figure 3. A vector
in local vertical coordinates, represented by a 3 x 1 matrix ulv,
is expressible in sc coordinates by

W= o T Ty O (2)
3 91 % v=n
where 1 0 OT
TX =10 cz ST

t? -Sz Czg

—

e —

cz O -Sz
T = |0 1 0
Lsc 0 cg

crz St 0 W
and T = |-st ct
E 0 1




FIGURE 2 (a) - COORDINATE SYSTEMS
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FIGURE 2 (b) - GEOCENTRIC INERTIAL COORDINATE SYSTEM Xy Yy Zy
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Similarly, a vector in the nodal system is expressible in sc
coordinates by

u (3)

We define a geocentric inertial frame (XY' YY' Zy) whose Z-~axis

is directed toward the sun at autumnal equinox (see Figure 2(b)).
A vector in the nodal frame is related to a vector in this
inertial frame by

(4)

where i is the orbit inclination, Qr is the angle between
ascending node and Zy, and e is the angle between the ecliptic

and equatorial planes.

The Euler angle rates, él’ 6 and 6., are related to the

27 3
spacecraft body rates relative to the solar inertial frame,
sc sc sc . .
(wsc/si)l’ (wsc/si)z’ and (wsc/si)3 by the matrix representation
093 -593 0-}
: S63 co3 sc
6 = =5 —— 0 |w . (5)
cel co, sc/si
se3tel ce3t61 IJ

Angles 61 and 62 are defined, respectively, as the nutation and

precession angles of the spacecraft with respect to the solar
inertial system.

3.0 DISTURBANCE TORQUES

3.1 Aerodynamic Torque

Over an orbit, the orientation of the vehicle spin
vector will not change significantly; specifically, results show
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that the maximum precession per orbit is onp the order of 0.2
degrees and nutation half-an-order-of-magnitude less. Because
of this almost fixed orientation, the per-orbit average of
aerodynamic torque tends to zero. Consequently, aerodynamic
torques are not a significant factor in the precession and
nutation of the vehicle. As a matter of interest, a calculation
has shown that over a thirty day period, aerodynamic drag forces
which constantly oppose vehicle spin have no significant effect
on the spin rate.

3.2 Gravity Gradient Torque

Gravity gradient torque is the major disturbing torgque
on the vehicle. The expression for gravity gradient torque in
local vertical coordinates is

TQ’V = 3y

gg 0 I

2 VAV AV AV
p p

FAYS

where I is the inertia matrix of the vehicle and p is the unit

vector along the local vertical; that is,

©
il
= O ©

The tilde operator (") over the matrix representation of a vector
is isomorphic to the vector cross product. For example, consider
the vectors

and
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The tilde operator on u designates

0 -u3 u2
4V
u = u3 0 -ul
-u2 u1 0
and
B N -11 7 [~ 7 B - n
v 43 vy UxV3 = U3V,
" _ 0 _ _ -
uy = U, ul 2 = u3vl ulv3
-u2 ul 0 v3 ulv2 - u2vl

It is clear that the terms in the matrix resulting from Uv are
the components of the vector cross product u x v.

In sc coordinates, the gravity gradient torque is

sc _ 2 vsc _.sc sc
ng = 3w0 0 I o (6)
where, from (2),
scC Z X Y X Y v
p =T T T T, T, _ o)
63 91 82 B (yv-n)

4.0 APPARENT SOLAR MOTION

The annual rotation of the earth about the sun causes
an approximate 1 degree/day rotation of the sun in the geocentric
inertial frame (y). Since the equations of motion will be based
on measurements made with respect to the geocentric inertial
frame, the apparent solar motion will be naturally included.
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5.0 EQUATIONS OF MOTION

The equations of motion of the vehicle in spacecraft
coordinates are, in matrix form,

o
5S¢ 4+ m;c gS¢ - ¢ SC€ (7)
g9

where H°C is the total angular momentum of the vehicle expressed
°

in sc coordinates, H°C is the time rate of change of ' computed
sc
T
velocity of the vehicle with respect to the geocentric inertial
frame, written in sc coordinates.

with respect to sc coordinates, and w is the total angular

Thus,
gS¢ = Iw;c (8)
and
=] .
gS€ = Iwgc (9)

The total angular velocity w;c can be written

SC sC sC
N =

T T ®se/si b osify (10)

SC . is the angular velocity of the spacecraft with
sc/si sc

respect to the solar inertial frame and wsi/y is the angular

where o

velocity of the solar inertial frame with respect to the geocentric
inertial frame. From (3) and (4), noting that i and e are fixed,

sc _ »:8C *SC *sC
msi/y = Qr + B + ¢ (11)

Expressions for ér’ é, and @ may be found in Reference 3. They

are transformed into sc coordinates by using the appropriate
transform matrices defined in (2), (3) and (4).
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Since it is the motion of the vehicle with respect to the solar
inertial frame that is of major interest, we seek to solve for
sc

wsc/si' Substituting (8) and (9) into (7) gives

+SC , VSC . SC _ sc
IwT + W IwT = ng (12)

The total vehicle body rates are found by solving (12) for w3C;

T ’
formally we can write
t t
sc _ *SC _ =1 sC _ vscC sc
O = Wep dt = I [%gg W IwT ] dt (13)
0 0
Equation (10) gives
sc _ sc _ scC
Yse/si - YT Ysi/y (14)
Substituting the values of w;c and wZE/Y, determined from (13)

and (11) respectively, into (14) gives the desired quantity,

wzg/si' The final step is to substitute (14) into (5) so that

the Euler angle rates 6. (nutation) and é2 (precession) may be

1
solved for and integrated to give the angular displacement of the

vehicle from the solar inertial frame.

6.0 RESULTS

The numerical results are based on a vehicle whose
mass properties were derived from Skylab A by augmenting it for
a one year mission and including ballast for mass properties

control.(z) The spin rate is 6 RPM.
The first set of results describe the precise vehicle

motion over the short term. Using 8 angle values of +57.0° and
-54.0°, indicated by points 1 and 2 on the g history in Figure 4,
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complete elvs 6, histories for a single orbit were generated.

Figures 5 and 6 were derived by neglecting the effect of the
apparent solar motion; it is clear that gravity gradient torque
produces, over an orbit, a completely precessional motion with
nutational excursions returning to zero at the conclusion of the
orbit. Figures 7 and 8 include the effect of solar motion. The
motion of the spin vector with respect to the sun is still
primarily precessional, with only a small amount of residual
nutation angle remaining at the end of the orbit. Furthermore,
for the direction of the spin chosen (spin angular momentum
vector pointing at the sun) it is clear by comparing Figures 5
and 7 and 6 and 8 that solar motion causes greater precessional
excursions for positive B and less for negative B, indicating
that the possibility exists for optimizing CSM RCS fuel required
to control precession. This was, in fact, one of the primary
conclusions of Reference 2.

The fuel optimization strategy just mentioned would
be considered only if it is necessary and/or desirable to con-
trol the spin-vector motion on a daily basis. Suppose the
experiment is conducted during a time when there is an optimum
B angle trace and the vehicle is left uncontrolled; is the
resulting long term motion tolerable? Based on Reference 2, an
"optimum" 30-day B8 history was approximated and is shown in
Fig. 4 as the cross hatched area. Beginning about 64 days after
launch, the vehicle, spinning at 6 RPM and pointing directly at
the sun (el = 6, = 0), is allowed to move in a completely uncon-

trolled rashion for 30 days. The results, on a daily basis, are

shown in Figure 9. Nutation excursions remain within -1.41° < 64

< 2.15° while precession excursions remain within -11.65° < 6, <

+11.12°, This motion introduces a maximum electrical power
penalty of only 2.2%. It therefore seems that passive precession
control of the spinning Skylab is possible.

7.0 CONCLUSIONS

This memorandum has demonstrated that the motion of a
Skylab vehicle under the action of major external influences
undergoes, primarily, a precessional motion with respect to a
solar inertial reference.

The results for short term motion support the conclusions
of Reference 2 that CSM RCS fuel consumption can be optimized for
a daily thruster firing strategy of precession control. More
importantly, the results for the long term indicate that if the
artificial gravity experiment is conducted during a judiciously
chosen time, it appears possible to control precession passively.
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Even if it is desired to trim the attitude of the vehicle at
extreme points of the excursions, such occasions occur only
twice during the experiment and precession control is still
nearly passive. The CSM RCS fuel weight savings of about 450
1bs coupled with the fact that the crew will not have to move
to the CSM every time a corrective thruster firing is conducted
makes passive or near passive precession control an attractive
alternative.
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